BICEP Array is a degree-scale Cosmic Microwave Background (CMB) experiment that will search for primordial B-mode polarization while constraining Galactic foregrounds. BICEP Array will be comprised of four receivers to cover a broad frequency range with channels at 30/40, 95, 150 and 220/270 GHz. The first low-frequency receiver will map synchrotron emission at 30 and 40 GHz and will deploy to the South Pole at the end of 2019. In this paper, we give an overview of the BICEP Array science and instrument, with a focus on the detector module. We designed corrugations in the metal frame of the module to suppress unwanted interactions with the antenna-coupled detectors that would otherwise deform the beams of edge pixels. This design reduces the residual beam systematics and temperature-to-polarization leakage due to beam steering and shape mismatch between polarized beam pairs. We report on the simulated performance of single-and wide-band corrugations designed to minimize these effects. Our optimized design alleviates beam differential ellipticity caused by the metal frame to about 7% over 57% bandwidth (25 to 45 GHz), which is close to the level due the bare antenna itself without a metal frame. Initial laboratory measurements are also presented.
INTRODUCTION
Many inflation models predict a primordial gravitational-wave background that imprints B-mode polarization in the Cosmic Microwave Background (CMB). The amplitude of the inflationary B-modes depends on the energy scale of inflation and is parametrized by the tensor-to-scalar ratio ( r ). High sensitivity instruments are necessary to constrain the B-mode amplitude with wide frequency coverage to remove Galactic foreground. The current BICEP/Keck experiments [1] [2] [3] [4] constraint inflationary gravitational waves at r 0.05 < 0.07 at 95% confidence, when combined with constraints from Planck CMB temperature plus baryon acoustic oscillations.
BICEP Array is the next CMB experiment in the BICEP/Keck series, providing high-sensitivity with channels at 30/40, 95, 150 and 220/270 GHz. The highest and lowest frequency receivers operate in two bands (30/40 and 220/270 GHz) simultaneously, using two detector designs over the focal plane. The BICEP Array will measure the polarized sky in different frequency bands to reach an ultimate sensitivity to the amplitude of gravitational waves of 0.002 < σ( r ) < 0.006, depending on the level of removal of the B-mode gravitational lensing signal, and after subtracting the polarized Galactic synchrotron and dust emission. Channels at low frequency are necessary to measure and model Galactic synchrotron emission, which we project will be the limiting foreground once all the higher-frequency data already in our possession will be analyzed. The low-frequency BICEP Array receiver will be a new design operating in two distinct bands centered at 30 and 40 GHz, which will be deployed to the South Pole at the end of 2019. The BICEP Array receivers are based on the highly successful BICEP3 and Keck Array receiver designs [3] , and feature a 550mm-aperture refractive telescope, pulse-tube cooled to 4K inside a dedicated cryostat, as shown in Figure 1 . Details of the receivers and mount are given in the concurrently presented references [5] and [6] . Each focal plane in BICEP Array will be populated with 12 detector modules. For the first receiver, we adopted a checkerboard layout to cover 30 and 40 GHz with 6 modules each, as shown in Figure 2 . The module packages the detector tile and its readout electronics in a compact and magnetically-shielded volume. The module is largely based on the successful BICEP3 design, with the important difference that the detector tile is now fabricated on a 6" silicon wafer, compared to the previous 4", to expedite lithographic fabrication.
Each module contains a 0.625mm thick silicon wafer with an array (5×5 at 40 GHz, 4×4 at 30 GHz) of back-illuminated slot antenna pixels sensitive to vertical and horizontal polarizations. A λ g /4 thick quartz tile over the silicon serves as an anti-reflection coating for the incoming radiation. A λ g /4 backshort cavity underneath the tile maximizes the radiation coupling to the antennas [8] , where λ g is the guided wavelength (λ/n), λ is the free-space wavelength and n is the material index. Each pixel contains two orthogonally polarized detectors A and B, each consisting of a 8×8 slot-antenna array coherently combined through a summing network and whose output is connected to a superconducting transition edge sensor (TES) bolometer. An on-chip band-defining filter with~25% bandwidth selects the frequency of interest. A superconducting quantum interference device (SQUID) is inductively coupled to the voltage-biased TES sensor and used as an ammeter for the first of two stages of amplification that comprise the multiplexed detector readout. Figure 3 shows a view of the BICEP Array modules at 30 and 40 GHz, which have identical outer dimensions. The detector array, anti-reflection wafer, back-short and readout electronics are housed in a Nb box with an aluminum frame around the wafer edges. However, the frame will interact electromagnetically with the pixels located at the edge. The interaction with the frame causes unwanted polarization-dependent beam distortions. We have developed a corrugated frame to reduce beam distortions while maintaining a compact profile to fill the focal plane efficiently. The corrugated frame is designed with carefully optimized groove spacing and depth, as well as vertical and horizontal distance from the antenna to the frame. The BICEP3 design, which was developed prior to this optimization, showed effects of beam steering and temperature to polarization leakage [1] . The authors in [7] defined the differential polarized beam effects as one of the systematic effects which distort the observed B-mode signal . These effects were visible in the beam maps taken in the far field of the detector antenna for edge pixels. The measurements notably show a differential beam effect between two orthogonal polarization detectors, a shift between the A and B beam centers. The difference beam map shows a strong dipole/quadrupole difference beam pattern which leaks temperature to polarization in the CMB polarization maps and produces a false B-mode signal [1] [2] [3] [4] . At the data analysis level, we developed a deprojection technique [4] to effectively remove low-order beam effects, but higher-order beam effects could still be present. We aim to minimize these interactions in the BICEP Array receivers, especially in the low-frequency one, since most of its larger-area pixels are located next to the metal frame.
In this paper, we simulate the antenna interactions with a frame. Then, we use the corrugations to minimize the beam mismatches in the far-field of the antenna. We first show the results for a 40 GHz BICEP Array test detector tile coupled to a 25%-bandwidth corrugated frame that was simply scaled from the BICEP3 version at 95GHz. Then, we developed a wide-band corrugation design with a 57% bandwidth that can be used for the 30 GHz and 40 GHz BICEP Array receiver modules, suitable for either a dual-band 30/40 antenna or for single bands, to ease production and assembly. This will help minimizing the far-field pointing mismatch and reduce the T-P leakage in our CMB maps.
CORRUGATED FRAME DESIGN
When an antenna is in the proximity of a conductive metal frame, interactions between the radiation pattern of the antenna and the conductive frame result in unwanted coupling, which alters the beam pattern of the antenna. These interactions result in highly polarized edge effects, which cause polarized beam mismatch, as shown in Figure 4 . In order to reduce these unwanted interactions, we designed a corrugated surface on the conductive frame with λ /4 depth and λ /4 pitch. The grooves change the properties of the conductive wall so as to minimize reflections and beam mismatches. Grooves are usually modeled by treating the corrugations as quarter-wavelength transmission lines [10] . Each corrugation in the frame acts as a short-circuited waveguide with one quarter wavelength depth to a surface wave traveling across it, so that the reflected wave has the opposite phase from the incident wave, thus cancelling the reflected wave. Therefore the corrugated frame acts like free space to waves travelling across it, rather than a short circuit. 
Single-Band Corrugated Frame

Simulated and Measured Results
We carried out the numerical analyses using the transient solver in the CST Microwave Studio®, which is based on a finite difference time domain (FDTD) method . Figure 5 shows the simulated antenna-coupled detector with a corrugated frame for one polarization at 40 GHz, used in initial beam simulations. As shown in Figure 5 , the corrugations are parameterized by the phase (h), corrugation depth (L), corrugation step (P), corrugated frame angle (ϴ) and distance between the antenna and the frame (D). The field patterns are exported to Matlab to plot the contour beams of the vertical polarization (A) and horizontal polarization (B) pixels, as well as the beam difference A-B. We compare these simulations with measurements performed with this geometry. For the initial tests at 40 GHz, we used a modified Keck Array focal plane that was retrofitted with a version of the corrugations that were simply scaled from the BICEP3 version at 95GHz.
The measurement setup is shown in Figure 6 . We scan a chopped (10-25 Hz) thermal source in a grid pattern in the far-field of the antennas. This setup has no optics in front of the detectors, except low-reflectivity thermal filters and vacuum window. This allow us to directly measure the far-field pattern of the antenna response without convolving with imaging optics. We measured the beam maps using the detectors on the aluminum superconducting transition [8] , designed for the higher optical load during laboratory testing. We demodulate the time-stream data using the chopper reference signal to eliminate noise bias. We repeated the measurement to ensure consistency and high signal-to-noise. The simulated and measured beam pattern of a vertically-polarized (A) middle pixel are shown in Figure 7 . These beam maps are peak normalized. The simulated and measured beam mismatch are presented in Figures  8 and 9 . The simulated and measured beam map difference of the two working middle pixel pairs show a 5% peak-to-peak response in the A-B map. The A-B pattern is approximately quadrupolar, as the A and B beams are both slightly elliptical. The ellipticity is caused by the elliptical beam of single slot, and the finite number of slots (8×8) used in the antenna. This effect could be reduced by using more slots, or choosing X and Y spacings. Unfortunately, the scaled BICEP3 corrugated frame design used at 95GHz, was not optimal. We simulated the antenna far-field beam map of A-B for this design, reproducing the measured strong 12% peak-to-peak difference map for an edge pixel, as shown in Figure 9 , which is consistent with the simulated one. : Simulated ( Left ) and measured ( Right ) beam difference map of a working A-B pair for a pixel located at the edge of the detector tile, adjacent to the metal frame, this shows a 12% peak-to-peak difference. The negative difference part of the beam shows a differential gain systematics in addition to the differential pointing.
Design Optimization
We optimized the corrugation parameters of the BICEP Array module frame, shown in Figure 5 , to minimize the effect of residual beam systematics levels over 25% bandwidth, which is what the detector averages over in nominal science operations. Figure 10 shows the peak-to-peak polarization A-B response averaged over 25% bandwidth as a function of the distance between the antenna and the frame (D), while keeping the other parameters fixed. We repeat the optimization process for all 4 parameters and find h = 0.25 mm, P = λ /4, L = λ /8 and D = 3 λ /8, where λ is the wavelength of the band center of the detector, 7.5 mm. The peak-to-peak difference is about 5% at 40 GHz, over 25% bandwidth, as shown in the beam map in Figure 10 ( right ). The peak-to-peak polarization subtraction versus frequency is shown in Figure 11 . The band-averaged A-B peak-to-peak amplitude for an isolated antenna is 4%, and 12% for an edge pixel with a scaled BICEP3 frame. The beam difference of the optimized corrugated frame shows 4% at the single frequency of 40 GHz, similar to that of the isolated antenna, and 5% averaged over 25% bandwidth. The optimization improves the beam mismatch due to the corrugated frame compared to the scaled BICEP3 design. Figure. 11: A-B polarization difference amplitude vs. frequency for the frame without corrugations (20%), frame with scaled BICEP3 corrugations (12%), and the optimized design (5%). For reference, we show the 25% band width that the detectors average over.
Wide-Band Corrugated Frame Design
We also designed a corrugated frame to cover a wider bandwidth by combining two quarter-wavelength corrugated depths. This approach excites two distinct modes and overlapping these modes results in broadband performance. We developed the wide-band corrugated frame for the low-frequency BICEP Array receiver to cover both the 30 and 40 GHz bands, such that a single frame design is suitable for either single frequency. Therefore, the corrugations are ideal for a dual-frequency 30/40 GHz antenna under development. The double-corrugation design is shown in Figure 12 . The peak-to-peak A-B difference versus frequency of the wide-band corrugated frame is shown in Figure 13 , covering the BICEP Array bands at 30/40 GHz with a single design. The distance (D) between the antenna and the corrugated frame is optimized to be 3 λ /8, where λ is the wavelength at the band center of 30 GHz and 40 GHz, respectively. This design minimizes the differential ellipticity to~7% over 57% bandwidth (25 to 45 GHz) for a dual-band 30/40 GHz antenna with D= 3 λ /8, where λ is the wavelength at the band center of 35 GHz. The wide-band corrugated frame has been fabricated and is currently under testing, as shown in Figure  14 . Figure. 14: Fabricated 40 GHz BICEP Array module with wide-band corrugated frame, which is under testing at Caltech. The detector module is cooled down to 280mK by a sorption fridge. We expected to deploy the current design to South Pole at the end of 2019.
Conclusions
We describe the design and optimization of a 57% bandwidth corrugated frame for the BICEP Array The simulated results show a reduction in residual beam polarized mismatch compared to the previous design used for BICEP3. The wide-band corrugated frame covers 25 GHz to 45 GHz. The initial lab results for the previous BICEP3 show very good agreement with the numerical calculations. The wide-band array module is currently under testing.
